Résumé. - 
1. Introduction. - [1] . These defects are topologically stable, and, apart from specific exceptions, are present in the ground state structure (crystallography) of glasses. They are directly identifiable in models of the glass structure like continuous random networks [2] or dense random packings [3] .
Thus the main ingredients of a theory of glasses are i) line defects, and it) gauge (or local) invariance. A theory of glass will be presented in this paper. Line defects are introduced and defined in section 2. Section 3 discusses the line defects at T = 0 where they are frozen punctures, and at high temperatures or in the liquid, where they are vortex-like excitations and can move around In both situations the defects have the same topological characteristics, and can therefore be regarded as identical. Section 4 introduces a gauge-invariant free energy for the glass. In section 5 the configurations which extremize the free energy (ground states and metastable states) are classified. It is shown that there are two, distinct, ground state configurations per line defect In section 6 , it is shown that the glass can in fact tunnel between its two configurations per defect, through a nontrivial gauge transformation. This leads directly to a distribution of split pairs of gauge-invariant states, responsible for the experimentally observed anomalies in the low temperature properties (specific heat, heat conductivity) of the glass [4, 5] .
This paper investigates therefore in general the ground states and elementary excitations of the glass. The thermodynamics of the glass transition, using the same basic theory as in the present paper, has been published elsewhere [6, 7] . At [8] ) from the behaviour of the matter which inhabits it.
We shall show that all random structures contain the same, geometrical, Z2, uninterrupted line defects which were called frustration lines, odd lines or disclination lines. Random space is therefore not simply connected : it is punctured by those line defects [9] .
2 .1 THE SPIN GLASS MODEL [10, 11] . -Consider a network, which can be crystalline, with spins Si on the vertices (i) and nearest-neighbour interactions Jij carried by the edges (ij). The interactions J~~ _ + J I have given random, statistically independent signs, fixed once and for all when the alloy was made. Thus the spins Si alone are dynamical variables, the Jij form the geometrical framework. The Hamiltonian is well known [10] An elementary closed ring (plaquette) containing an odd number of antiferromagnetic interactions is frustrated [11] . [3] ) is ill defmed.
However, an unambiguous random network [14] is obtained as [6, 8] The gauge invariance of the free energy density f'(x) = f (x) follows from equations (1), (9) and (11) . Note that the coupling between matter and gauge fields is minimal, effected solely through the covariant derivative, as in electromagnetism or superconductivity. The only physical reason for introducing the gauge field (in addition to the matter field [25] ) is the requirement of local or gauge invariance of the free energy, whereby f (x) must be invariant under an arbitrary rotation at any point in space.
The idea of representing a disordered system by a minimally coupled, gauge field theory in continuous space is not new. It has been introduced for spin glasses, in Euclidean space [26, 27] . The [21] (see also [29, 6] We end with an example for which the configuration can be written down explicitly [33] . The solution of (19) or (20) is (see also our discussion of Eq. (7)) (pure gauge solution). Under gauge transformation (4.4), the rotation matrix X(x) becomes /~ A so that X W is gauge-invariant from equation (12 As a consequence, the system can tunnel between the two ground state configurations 0 ) and [ 2 n ) around each defect Even at T = 0, the two configurations 0 ) and 2 ~ ) cannot be the real ground states of the system, because neither are gauge-invariant configurations whereas the energy is [22, 34] . Any «large» gauge transformations, T(x), homotopic to R21C' transforms (Eqs. (4.4) , (4.6) and (5.12))!0) into I 2 1t &#x3E; and vice-versa. The gauge-invariant ground state configurations are the linear combinations of ! 0 ) and 2 7T ), 10 &#x3E; and 2 1t &#x3E; are the two states which, by tunnelling into each other, form the two-level system I ± ~ [4] .
Whereas I 0 &#x3E; and 2 7r) have the same energy (section 5, d = 0 in Phillips' notation [4] ), 1 + ) and -) are split (L10 =I 0) by the tunnelling rate for all paths in imaginary time i connecting I 0 &#x3E; (at 1 = 0) to 2 7c) (at! = p1ï) [35] . ~c~ N 10-2 eV is a typical frequency for optical phonons in glasses. Calculation of (4) Apart from the exceptional structures without odd lines mentioned earlier [9] , some glasses (a-Si) may show little or no low temperature anomalies, yet contain line defects. This is because the broad distribution of tunnelling rates d o divides the two-level systems of a given glass into two classes : those which can tunnel within experimental time, and those which cannot. The former operate as tunnelling modes, the latter can only be thermally activated and do not give rise to any low temperature anomalies. Nevertheless they are the same qualitative objects, as has been stressed elsewhere on experimental ground [41] .
The two-level systems are direct consequence of the two essential elements of the structure of glasses, namely i) (odd) line defects, and iy gauge invariance.
i) The (2) and (3) are similar to those controlling the electromagnetism of current loops, and yield for the energy of an assembly of line defects the expression [6, 7] where a and b ( ~ ~ E~~) are constants, and p is the density of defects (specifically the ratio of the number of odd rings (faces of the network) to the total number of faces). Equation (4) has been used [6, 7] in conjunction with a similar expression for the entropy as a function of p, to evaluate the density of (mobile) vortices in thermal equilibrium, above the Fulcher temperature To where vortices are the dominant defects (i.e. most defects can move). The density of mobile vortices vanishes at To, with the Vogel-Fulcher variation (1.1). However, frozen line defects survive below To, and equation (4) 
